Use of cool·season turfgrasses in transitional environ· ments is limited, in part, by their heat tolerance. Development of a rapid heat tolerance screening technique would be of value in determining the potential of turf· grasses for use in warmer areas.
M ANAGING cool-season grasses for recreational turf in transitional areas is difficult. Heat stress often reduces turf quality when recreational facilities are receiving maximum use. In the short term, reducing N and water applications induces a "hardened" turf. The long term solution to the problem lies in identifying and incorporating heat tolerant germplasm into breeding programs. Currently available cultivars need to be screened for heat tolerance followed by studies into tolerance mechanisms.
The optimum temperature for shoot growth of coolseason turfgTasses is in the range 15 to 24 C (Beard, 1973) . Above 24 C, growth subsides first and then at very high temperatures, severe injury or death can occur. In controlled environment pot experiments, Kentucky bluegrass (Poa pratensis L.) produced maxi· 79 mum dry weight of top growth at 21.6 C, and growth declined as temperature was increased to 24.9 C, Baker and Jung (1968) . Plants grown at 34.8 C produced less than half the top growth of those at 21.6 C. Julander (1945) observed that Kentucky bluegrass was killed when exposed to 48 C for 16 hours.
Indirect inj ury from exposure for prolonged periods of moderately high temperature, or direct injury due to short periods (30 minutes or less) of very high temperature may occur (Levitt, 1972) . The relative im· portance of the two in turfgrass culture is not known. Several studies have been done on the influence of prolonged periods of moderately high temperature on turfgrass growth (Baker and Jung, 1968; Watschke et al., 1972; Pellett and Roberts, 1963) . Less information is available on the effects of short exposure to high temperature.
Factors which influence heat tolerance are plant age, management, season, water status, and environment (Lange, 1965) . Evaluation of plants for heat tolerance needs to be done in the presence of 100% relative humidity to insure that transpirational cooling does not lower plant tissue temperature (Kinbacher, 1963) . Lange (1965) recommended immersing plants in a water bath for 30 min and observing recovery several days later. He stated that plant temperature rapidly equilibrates with the water temperature unless the plant has a high water content or thick leaves.
The effects of both water (Julander, 1945) and N fertilizer (Carroll, 1943 ) management on the heat tolerance of turfgrasses has been studied. Frequent irrigation reduced the differences in heat tolerance between warm-and cool-season grasses that were found when they were watered infrequently (Julander, 1945) . High rates of applied N (3.05 kg N/IOO m 2 ) reduced heat tolerance of cool-season turfgrasses when compared to low rates of N (no applied N) (Carroll. 1943) . Pellet and Roberts (1963) , working with Kentucky bluegrass in solution culture, reported that balanced nutrient levels were necessary for maximum heat tolerance.
Most of the literature concerning heat stress oE grasses deals with species comparisons (Carroll, 1943; Julander, 1945) . Beard (1973) ranked the heat tolerance of 19 turfgrasses. Kentucky bluegrass was classified as having medium heat tolerance while perennial ryegrass (Lolium perenne L.) and Poa annua were classified as having fair heat tolerance. A 2 hour exposure to a tissue temperature of 42 C has been shown to be lethal to Poa annua (J. A. Fisher, 1967 . An evaluation of high temperature effects on annual bluegrass (Poa annua L.) M.S. Thesis, Michigan State University, East Lansing.)
The objective of this research was to evaluate the heat tolerance of several cultivars of Kentucky bluegrass, and perennial ryegrass, and PDa annua, using 30 min exposure to high temperatures. Two sets of 12 Kentucky bluegrasses (three replications per set), started I week apart, were grown in the greenhouse. When each set was 6 weeks old, the plants were thinned, fertilized with 37 mg of NH.NO" and brought to 26'70 soil moisture. Pots were allowed to dry to 11'70 soil moisture before watering. The plants were maintamed in the greenhouse for 5 additional weeks with the weight of the pots checked daily. The average daily high and low temperatures in the greenhouse were 24.4 and 20 C, respectively. Twenty·four hours prior to the stress test, the pots within each replication were brought to approxi. mately the same weight. The plants were exposed to the stress test, replanted, allowed to recover in the greenhouse for 4 weeks, and then rated for recovery. The average high and low temperatures for the recovery period for Set I were 24.7 and 18.5 C, respectively. The average high and low temperatures for the recovery period for Set II were 25.7 and 19 C. respectively. The results of this experiment were based on observation of 2,520 plants.
Screening of Greenhouse Grown Bluegrasses
set for a 27/16 C day/night temperature regime with a 12 hour photoperiod (285 /LEm-'s·') at pot level. One group (low main· tenance) received an application of 37 mg of NH.NO a (U.8 kg N/ha), watered to a weight reflecting 26% soil moisture. and allowed to dry to II % soil moisture before rewatering. The other group (mtensive maintenance) received four weekly applications of 74 mg NH,NO, total of 94.4 kg N /ha) and was maintained at approximately 26% soil moisture. The plants were kept in the growth chambel' for 4 weeks with each pot being weighed daily and watered accordingly. Twenty-four hours prior to the stress test, pots in the low maintenance group within each replicate were brought to the same weight (approxi' mately 18'70 soil moisture). This was done to minimize the variation in soil moisture among pots when the plants were being removed for the stress test. A£i:er the stress test, the plants were placed in a greenhouse and rated for recovery 4 weeks later. The results of the experiment were based on observation of 1,050 plants (three replications). The cultivars evaluated in this study and their sources are listed in Table 1 . Selection of these cultivars was based on one or more of the following criteria: I) cultivars that were felt to be heat tolerant by breeders or other individuals who had been asked to supply material for the study; 2) cultivars that were considered economically significant in terms of commercial seed production; 3) origin of selections; and 4) cultivars that were reported as generally high or low in quality in the "Northeastern Regional Turfgrass Evaluation of Kentucky Bluegrasses (Poa pratensis L.) 1968·1973" (1977) . A native Poa annua L. was included for comparison. Seeds of each cultivar were ob· tained directly from the breeder responsible for development of the cultivar or from proprietary contractors who were con· sidered the best source of authentic samples. The seed was planted in 11 em pots containing Hagerstown silt loam soil (fine, mixed, mesic Typic Hapludal£) with a pH of 7.0 and 93 and 325 kg/ha a\'ailable P and K, respectively. After 6 weeks, the plants were thinned to 60 plants per pot. These plants were the starting material for the experimen ts described later. In -all the experiments, the plants were regUlarly clipped to a height of 5 em.
MATERIALS AND METHODS

Plant Material
Procedure for Imposing Heat Stress Plant material grown as described for each experiment was exposed to heat stress in the following manner. Plants were removed from soil, stripped of dead leaves, and the root system trimmed to the base of the crown. They were then placed in 15 em by 15 em 4-mil plastic bags (five plants per bag) containing approximately 5 ml of water. Each bag was pressed flat to remove as much ail' as possible, sealed, and clipped to a wire rack. The rack was immersed in a constant temperature (± 0.1 C) water bath for 30 min. Treatment temperatures ranged from 41 to 49 C in one degree intervals and was measured with a mercury thermometer (± 0.2 C). Three to six replica· tions were run for each experiment as follows. One pot of each cultivar was used for all treatments in a replication. For each pot, five plants were pUlled, sealed in a bag, treated at 41 C, and replanted. The bath temperature was then increased to 42 C and the next set of plants was treated and this proce· dure continued until the entire temperature range was covered.
After heating, the plants were replanted in Jiffy·mix (50:50 peat and vermiculite) and placed in the greenhouse for recovery. Recovery was assessed either by visually rating the plants in comparison to controls (plants that had been treated in the same manner except were heated at 27 C) or by determining the dry weight of the recovered plants and expressing it as a per· centage of the weight of the control. When ratings were used, each plant was rated on a scale of 1 to 5 with I eqUivalent to a dead plant and 5 equal to little o~' no injury. The average of five plants (five plants per replication at each temperature) was used for statistical calculations. When weights were used, two sets of controls were run for each replication (one before the start of the temperature series and one after completion). The total dry weight of the five treated plants (whole plant) was divided by the weight of the control (average of two sets of controls) and the result expressed as a percentage.
A randomized complete block design with a factorial analysis was used. The main factors were cultivars and temperatures. The responses of the plants to heat was sigmoidal with no injury between 27 to 40 C and complete kill above 49 C. The data from the temperature range for the linear portion of the response .curve for each experiment was used for the analysis. The culttvar by temperature interaction was not significant except as noted in the results section. Therefore, cultivar means over all temperatures were used for comparisons. Duncan's Modi. fied Le.ast Significant Difference Test (Waller and Duncan, 1969) with k=lOO was used to compare the means.
N and Water Study
Six·week·old plants of four Kentucky bluegrasses and Poa annua were divided into two groups (three replications per group) and placed in a growth chamber. The chamber was N and. Water Study Plants receiving the high level of N and water (intensive maintenance) were less heat tolerant than those receiving the low level of N and water (low main· tenance) (Fig. 1) . Recovery ratings for the intensive maintenance group averaged 3.1 at 45 C whereas ratings for the low maintenance group did not drop that low until the temperature was raised to 47 C.
Under intensive maintenance, Paa annua showed the same level of heat tolerance as the Kentucky bluegrass cultivars. However, Paa annua was significantly less heat tolerant than Kentucky bluegrass cultivars under low maintenance conditions. The cultivar by temperature interaction was not significant for the intensive maintenance group even though the culti· vars changed rank between 45 and 46 C (Fig; 1) . Maxi· mum separation (differentiation) among cultivars occurred from 45 to 46 C for the intensive maintenance group and at 47 C for the low maintenance group. At 47 C, there was a significant interaction for the low maintenance group which can be attributed to the sharp drop in recovery rating for Poa annua. This sharp drop was expected at some point and illustrated that differences in heat tolerance among the two species were manifest only under low maintenance conditions. Poa annua is generally considered to be less heat tolerant than Kentucky bluegrass (Beard, 1973) .
The results of this study concur with those of Carroll (1943) and Julander (1945) 
Screening of Growth Chamber Grown Grasses
Three groups of grasses were started at different times in the greenhouses. When each group was 6 weeks old, the plants were thinned, fertilized with 37 mg NH.NO. per pot, brought to 26% soil moisture, and placed in a growth chamber set for a 27{16 C day/night temperature regime with a 12 hour photopenod (tlEm-'s-'), The pots were maintained in the growth chamber for 4 weeks during which time they were allowed to dry to 11 % solI moisture before rewatering. Twenty-four hours prior to the stress test, the pots within each replicate were brought to approximately the same weight. FoIlowing the stress test, plants were placed in the greenhouse for a 2 week recovery period, then they were washed of Jiffy-mix, dried at 70 C for 24 hours, and weighed.
The first group of grasses consisted of four perennial rye· grass cultivars and Poa annua (six replications). This group was seeded on 2 May 1977 and tested on 12 July 1977. The average high and low temperatures for the recovery period for this group were 29.4 and 20 C, respectively. Results were based on observation of 1,500 plants.
The second group of grasses, consistin~of 10 Kentucky blue· grass cultivars and Poa annua (five replications) was seeded on 31 May 1977 and tested on 2 Aug. 1977. The average high and low temperatures for the recovery period for this group were 27.7 and 20.5 C, respectively. Results were based on observation of 4,250 plants.
The third group of grasses consisted of 'Sydsport', and ·Penn· star' Kentucky bluegrasses, 'Pennfine' and 'Loretta ryegrasses, and Poa annua (three replications). This group was seeded on 21 June 1977 and tested on 29 Aug. 1977. The recovery period for this group was somewhat cooler than for the other two groups. The average high and low temperatures were 24.4 and 14.4 C, respectively. Results were based on observations of 750 plants. . £1uence of N and water management on heat tolerance. They used field grown material and applied the heat stress in a different manner. In the tests reported here, the low maintenance conditions were used to grow plants for the experiments that follow because of the separation shown in Fig. 1 .
Greenhouse Screening Test
Recovery ratings for Kentucky bluegrass cultivars in Set I showed a gradual decrease in heat tolerance from 'Vantage' to KI·143 (Table 2) . In Set II, the range from highest to lowest heat tolerance was from Sydsport to K-213. The cultivar by temperature interaction was not significant for either set, indicating that .the bluegrasses showed parallel declines in recovery ratings over the entire temperature range. No cultivar was injured at a temperature significantly lower than that which injured the majority. Also, all cultivar averages were in the same part of the rating scale, between 3.0 and 4.0. The differences between cultivars, although statistically significant, were not nearly as great (appearance of the plants) as those between the high and low maintenance group or those between Poa annua and the Kentucky bluegrasses reported in the previous section. For these reasons, the bluegrasses were considered similar in heat tolerance. However, since Pennstar ranked toward the bottom of both sets, it appeared to be somewhat less heat tolerant than the other cultivars.
Pennstar, Merion, and Vantage changed rankings between Set I and Set II. This may have been due to variability in plant material, differences in recovery environments, or some other factor. The recovery environment for Set II was slightly warmer than that for Set I (average high/low of 25.7/19 C for Set II versus 24.7/18.5 C for Set I).
In subsequent experiments, Poa annua was included for testing with each group of grasses to assist in the interpretation of differences in heat tolerance found a~oung .cultivars. 1\lso, plants we:e washed of Jiffy-MIX, dned, and weIghed to prOVIde a quantitative measure of recovery. The recovery period was shortened to 2 weeks because extensive root growth after 
Growth Chamber Screening Tests
Plants used in this study were 10 weeks old, four of which were spent in the growth chamber to increase plant uniformity. The four ryegrasses and 10 blue· grasses were grown and tested as separate groups with Poa annua included with each. For each cultivar and treatment temperature, the dry weight of plants after recovery was expressed as a percentage of the weight of the control (recovery weight). Cultivar comparisons were made based on the average recovery weight over a given temperature range.
. The Kentucky bluegrass cultivars as a group' averaged 48% of the weight of their controls whIle Pan annua averaged 28% over the range 42 to 47 C (Table  3) . In this test, Pennstar and Vantage were less heat .tolerant than Newport, Sydsport, and Baron. The remaining cultivars were approximately equal in heat tolerance. The rankings of the growth chamber grown bluegrass differed somewhat from the results of the greenhouse screening. Vantage ranked lower and New· port ranked higher in this test than in the greenhouse test (Table 2 and 3) . These changes may reflect dif· ferences in the greenhouse and growth chamber en· vironments. The relative differences among the Ken· tucky bluegrass cultivars were small. The cultivars were statistically split into five groups ("an through "e", Table 3 ). 'Park,' the lowest cultivar receiving the letter "an, had a recovery weight of 49% while Penn· star, the highest cultivar receiving the letter "e", had a recovery weight of 43%. Poa annua averaged 12 per· centage points below the lowest bluegrass cultivar. The spread among the cultivars was only half the mag· nitude of that between the genera when ratings were combined across all temperatures.
Some of the bluegrasses selected for testing were con· sidered to be generally high (e.g. Sydsport) or low (e.g. Park) in turf quality as reported in the "Northeastern Regional Turfgrass Evaluation of Kentucky Blue· grasses (Poa pratensis L.) 1968 -1973" (1977) . These c~lltivars differed in turf quality throughout the regIOn as well as at test areas where heat stress is a problem. Because the bluegrasses were approximately equal in heat tolerance, the differences in quality • Means having a letter in common are not different at the k = 100 level (5% level of probability) by Duncan's Modified L.S.D. Test (Waller and Duncan, 1969) . tWeight expreased as a percentage of the weight of the control. • Within columns, means having a letter in common are not different at the k = 100 level i5% level of probability) by Duncan's Modified L.S.D.
Test (Waller and Duncan, 1969 (Table 4 ). The field rankings represent only one location and only four of the six cultivars were screened in both the field and growth chamber, so the comparison among experiments should be considered preliminary. The comparison indicates the potential of the screening test for identifying suo perior germplasm for heat tolerance. The validity of the screening test will be better judged as more information on ryegrass field performance becomes available. Sydsport, Penns tar, Pennfine, Poa annua, and Loret. ta, cultivars which ranked from high to low in heat found in the field might be explained in one or more of the following ways: I) the observed quality differences may have been due to factors other than heat tolerance such as drought or disease tolerance; 2) the results from screening tests of lO-week-old, low N plants may not correlate well with heat tolerance in the field; 3) the heat tolerance of the cultivars may not be different but there are avoidance mechanisms operating in the field which reduce the tissue temperature of some cultivars more than others resulting in differential injury; 4) tolerance of indirect heat injury' may be more important in influencing field quality; or, 5) the genotype make-up of the screening sample may have differed from that in the field plots. The dose-time relationships between injury and temperature may mean that the small differences in tolerance to direct heat injury translate into large differences in tolerance to indlrect heat injury. The genoty:pe problem could range from being minor wi th a cultlVar like Newport which is 99% apomictic to being severe with a cultivar like Park which is made up of multiple selections.
With the ryegrasses, Loretta was significantly less heat tolerant than Pennfine, Diplomat, and Citation (Table 4) . Poa annua was equal to the latter three ryegrasses in heat tolerances. There was 15 percentage point difference between Loretta and the other three rygrasses.
The ryegrasses selected for testing were cultivars which had differential summer performance at New Brunswick, New Jersey, a location where heat stress is a problem (C. R. Funk, personal communication). ... Significant at the 5% level of probability. ** Significant at the 1% level of probability.
+Average recovery weight.
tolerance, were grown and tested as a group. Sydsport differences among the cultivars in the rate and effiranked highest in heat tolerance while Loretta ranked ciency of utilization of the reserves for regrowth. lowest (Fig. 2) (Table 3) and 23 one fertility regime, and perennial ryegrass normally percentage points higher in this test (Fig. 2) . Pennaccumulates higher concentrations of most elements fine and PDa annua averaged 15 percentage points than bluegrass (Butler and Hodges, 1967) , no definite higher than Loretta previously (Table 4 ) and 19 and conclusions can be drawn from the data. However, the 15 percentage points higher, respectively, in this test.
relationship between Fe and Al concentration and Finding large differences in heat tolerance was repeatheat tolerance may be worthy of further study. able while small differences, e.g. between Pennstar and
The differences in heat tolerance rankings between Sydsport, was not. Sydsport averaged 8 percentage Sydsport, Pennstar, Pennfine, Poa annua J and Loretta points higher than Pennstar in one experiment (Table  were not explained by any differences in carbohydrate 3) and only 4 percentage points higher in this comparireserves or mineral composition. son (Sydsport not significantly different from Pennstar). The bluegrasses were again found to be similar in heat tolerance.
Pennstar and Sydsport sustained only slight injury at 43 C while the other grasses suffered an 18 to 30% decline in recovery weight at this temperature. The variety by temperature interaction was not significant over the temperature range 42 to 47 C. Some of the plants of Loretta were killed when treated at 45 C. At 47 C, only Penns tar and Sydsport had 100% survival.
Carbohydrate Reserves and Mineral Analyses
The carbohydrate levels for the cultivars were: Sydsport, 33.5%; Penns tar, 29.2%; PDa annua J 32.3%; Pennfine, 28.4%; and Loretta, 26.5%. All five cultivars had high levels of energy reserves. There were no significant differences in carbohydrate levels between the plants heated at 27, 43, 45, 47, and 49 C, so the values were averaged. Even though an increase in respiration rate would be expected between 27 and 43 C, the heating period was probably too short to cause a marked reduction in carbohydrates. The correlation coefficient (r) between dilute acid extractable carbohydrate concentration and average recovery weight (data from Fig. 2 ) was 0.6 which was not significant at the 5% level. This implies a weak relationship between carbohydrate reserves and heat tolerance (when tolerance is measured by a 30 min exposure to high temperature). However, there may have been
